Thrust components imparted by an electrodeless helicon plasma thruster including a magnetic nozzle are experimentally measured and analytically derived from momentum equations assuming a cold ion, negligible electron inertia and radial ion inertia. The magnetic nozzle of the maximum field strength of ~180 Gauss is provided by a solenoid coil located near the thruster exit. It is found that the total thrust can be given by the sum of an electron pressure force onto the source boundary and a Lorentz force generated by a radial magnetic field and an azimuthal electron diamagnetic drift current in the magnetic nozzle. Further, a permanent magnet helicon plasma thruster for more efficient and compact plasma thruster is also designed and tested.
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Introduction
Interest in magnetically expanding helicon plasma thrusters is increasing due to their potential advantages compared with conventional electric propulsion systems such as ion-gridded engine 1) , hall thrusters 2) , and a magneto-plasma-dynamic (MPD) arc jet 3) . The conventional propulsion systems have some electrodes for plasma production and/or plasma acceleration; hence its durability is limited by the lifetime of the electrodes. The presently investigated standard helicon thrusters consist of an insulator source tube winded by a radiofrequency antenna and an expanding magnetic field (magnetic nozzle) provided by a solenoids and/or permanent magnets [4] [5] [6] . The high-density plasma produced by a helicon-mode discharge inside the source is guided by the magnetic nozzle and flows out to the space. The Variable Specific Impulse Magneto-Plasma Rocket (VASIMR) has also similar configuration except for a high-power (200 kW) ion cyclotron resonance heating system, where the perpendicular ion energy is converted into the axial flow energy by the magnetic nozzle 7) . As no plasma contacts to the metallic electrode in the helicon plasma thruster and the VASIMR, these thrusters will lead to an electrodeless propulsion device and a resultantly long-lived system. Although the key technology of these electrodeless plasma thrusters is the magnetic nozzle, the role of the magnetic nozzle in the simple helicon plasma thruster has not been fully understood yet.
The direct measurement of the thrust imparted by helicon thrusters operated at about 1 kW is presently being performed and the first results have shown the thrust of about 2-3 mN for 1 kW rf power 6, 8) . In these experiments, it is reported that the static electron pressure inside the source is converted into the ion dynamic momentum through a spontaneously formed double layer or an ambipolar electric field. According to the previously reported theory 9) , the spontaneously formed electric fields do not impart the momentum to the plasma; hence the thrust is still given by the maximum electron pressure integrated in cross section. Subsequently, the magnetic field configuration is modified by adjusting the solenoid current and the higher pressure in the magnetic nozzle is achieved 10) . In this configuration, the thrust increase has been clearly observed by the sole measurement of the force exerted on the expanding magnetic field.
Here the physical description of the analytical thrust is discussed and the calculated results are compared with the directly measured thrust components. Further, a permanent magnet helicon plasma thruster is designed for more efficient and compact system and its performance is experimentally investigated.
Analytical Thrust
The thrust imparted from the magnetically expanding plasma is derived from a fluid model here. Assuming quasi-neutrality (n e ~ n i = n), negligible electron inertia, isotropic electron temperature, and cold ions (T i ~ 0), the momentum equations of electrons and ions can be, respectively, written as (1) (2) When we consider an axisymmetric system and the negligible radial component of the ion inertia, the radial and axial components of Eq.(1) and Eq.(2) in cylindrical coordinates (r, , z) can be written as
A net axial momentum flux per unit cross section can be given by sum of the static pressure and the dynamic momentum as (7) where the thrust is given by the integration of in a cross section of the plasma. By eliminating E z from Eq. (4) and Eq. (6), can be expressed as (8) where the first term of the right-hand side (rhs) is the Lorentz force due to the net azimuthal current j j i j e and the radial magnetic field B r . The electron and ion azimuthal current can be obtained from Eq. (3) and Eq. (5) as
As seen in Eq. (9), the azimuthal electron current can be given by the electron ExB drift current (the first term) and the electron diamagnetic drift current (the second term), while the ion azimuthal current can be expressed by the ExB drift current. Assuming a fully magnetized model for a simplicity, the net current can be given by the electron diamagnetic drift current as j = (1/B z )( p e / r) as the ExB drift cannot drive a net current. When the axisymmetric plasma expands with an axially varying plasma radius r p (z) and has zero density at r > r p (z), the total axial force T total can be given by the volume integration of Eq. (8) as (11) where the first term corresponds to the constant of the integration along z and r s is the source tube radius.
The first term T s is the maximum electron pressure at the plasma production position z 0 , where the ion drift velocity is assumed to be zero. Hence, the total axial plasma momentum at z 0 is given by T s , which is conserved along z in the absence of a magnetic field even for collisional plasmas because the electron static pressure is converted into the ion dynamic momentum through a current-free double layer or ambipolar electric fields, and the total momentum of the ions and neutrals is also conserved even if the momentum transfer occurs through charge-exchange process 11) . In the laboratory experiments, this force is transferred to the source structure by the upstream ions accelerated by the upstream sheath voltage and flowing into the source tube boundary, which is equivalent to the axial momentum emitted from the plasma production position z 0 . Therefore, this term T s can be identified by measuring only the force exerted on the insulator source tube experimentally.
Once we know the ion density n w and velocity u(r s ,z) at the source radial boundary, the second term T w can be rewritten as (12) This term corresponds to the axial momentum lost by the ions escaping to the radial boundary, as the radially accelerated ions into the radial boundary have also their axial momentum. In the laboratory, this momentum is transferred to the radial source wall when the ions accelerated by the radial sheath are lost into the source wall. In general, the radially escaping ions have no significant axial velocity; this term would be negligible as suggested by Fruchtman 11) .
The third term T B shows the increase in the axial momentum originating from the Lorentz force. It results from the azimuthal current of the electron diamagnetic drift current (1/B z )( p e / r) and the radial magnetic field B r . Hence, Eq.(11) clearly shows the gain (loss) of the net axial plasma momentum for negative (positive) radial gradient of the electron pressure in the expanding magnetic field in addition to the electron static momentum given by T s . As the origin of the electron diamagnetic drift is the radial static momentum (electron pressure), the role of the magnetic nozzle is the conversion from the radial momentum into the axial momentum, which is equivalent to the physical nozzle. In fact, it is mathematically shown that the electron diamagnetic induced momentum can be rewritten as the physical nozzle effect in the recent theory 12) . The advantage of the magnetic nozzle would be a formation of a large scale nozzle with the compact solenoid or permanent magnets and would be also useful for the efficient plasma production. In the laboratory, the Lorentz force exerted on the magnetic field corresponds to the momentum gain T B ; hence this term can be solely identified by measuring only the force onto the solenoid coil providing the magnetic nozzle.
Thrust Components Identification

Experimental setup
Experiment on the identification of the thrust components T total and T B is performed within the Irukandji machine at the Australian National University shown in Fig. 1(a) . The machine has a 100-cm-diameter and 140-cm-long vacuum chamber pumped down to a base pressure of ~10 -6 Torr. The helicon plasma source is installed on the pendulum thrust balance immersed in vacuum. The source has a 25-cm-long and 9-cm-diameter pyrex glass source tube and a magnetic nozzle applied by a solenoid coil located at z = -5.5 cm near the source exit, where z = 0 is defined as the open exit of the source tube. The magnetic field has a maximum of 175 Gauss at z = -5.5 cm and decreases to ~10 Gauss at 20 cm downstream of the source exit. The argon gas is fed into the source tube via small diameter ceramic tube with a mass flow controller. The gas pressure is monitored by a baratron gauge connected to a side port of the chamber. The flow rate is chosen as 25 sccm, which gives a pressure within the chamber of 1 mTorr. A double-turn rf loop antenna is located at z = -12 cm, which is mechanically isolated from the source tube and powered from a 13.56 MHz rf power supply (Maximum 900 W) via an impedance matching circuit. The rf current is measured by a Rogowski coil to estimate a plasma resistance and a power transfer efficiency with the antenna resistance.
The measurements of the thrust are performed with the pendulum thrust balance, which has already been described in the previous paper 10) . When only the solenoid coil is attached to the balance, only the force components exerted on the magnetic nozzle can be transferred to the balance; hence only the T B component can be measured. The total thrust T total can also be measured by attaching both the solenoid and the glass source tube. When initiating the plasma by turning on the rf generator, the force originating from the interaction between the plasma and the magnetic nozzle and/or the source boundary is transferred to the balance and causes the displacement of the structure. The displacement is measured with a laser displacement sensor (0.1 m resolution and 312.5 Hz sampling rate). The laser system is initially operated with flowing gas and no plasma for a period of 20 s; the rf power and argon plasma are subsequently turned on for about 10 s. After the plasma is turned off, the data are taken for another 30 s [see Fig.1(b) ]. As the displacement has an oscillating component of the pendulum with a frequency of ~ 1 Hz as seen in the thin line in Fig. 1(b) , this component is removed by a digital filter and the bold line can be obtained. The displacement caused by initiating the plasma is estimated by the positions with plasma-off and plasma-on. The absolute value of the force can be obtained with a calibration coefficient relating the displacement to the force (typically Fig.1 ). As the coefficient depends on the source weight, the friction of the current wires, the center of gravity, and so on, the calibration is performed before pumping down and after venting the chamber in each experiment to confirm the unchanged coefficient.
The local plasma density n p and electron temperature T e are measured by a radially and axially movable Langmuir probe, assuming a Maxwellian electron energy distribution function and using a sheath expansion model. From these data, the local electron pressure can be calculated, which is used to calculate the first and third term in Eq. (11).
Experimental results
Directly measured thrust components T total and T B are plotted in Fig. 2 by open squares and open circles, respectively, as a function of the effective rf power, which is the power absorbed into the plasma production and defined as the product of the rf power from the generator and the power transfer coefficient. It is found that both the components increases with an increase in the effective rf power and reaches a maximum of ~ 6 mN for T total and ~3 mN for T B . As the thrust components T s + T w , which are transferred to the source tube, corresponds to the difference between T total and T B , the component transferred to the source boundary is T s + T w ~ 3 mN. The result shows that the magnetic nozzle plays a significant role in the thrust generation and has 50 percent contribution of the total thrust in the present source configuration.
The calculation of the thrust components T s , T B , T total are performed according to Eq. (11), neglecting the component T w (second term). The calculated r-z profile of the magnetic field (B r , B z ) and the r-z profile of the electron pressure modeled with the measured electron pressure are used here. The measurement of the radial and axial profiles of the plasma density and electron temperature are performed at z = -7 cm corresponding to the maximum pressure position z 0 , and at r = 0 on axis, respectively. It is assumed that the profile is conserved but its radius is determined by the source tube and magnetic nozzle as 13) for for where the electron pressure measured on axis is used as the density at the radial center. The detailed procedure of the The magnetic field used in the previous experiments on the permanent magnet helicon source is shown by dotted line for comparison 14) . calculation can be found in Ref. [10] . The calculated T total , T B , and T s are plotted in Fig. 2 by filled squares, filled circles, and filled triangles, respectively. The solid, dashed, and dotted lines are the fitted curve of the calculated T total , T B , and T s for visual guide, respectively. The calculated T total and T B are found to be in fair agreement with the directly measured thrust components. Hence, it is demonstrated that the main contribution of the thrust in the helicon plasma thruster is from the electron pressure component T s and the magnetic nozzle effect T B . The former and latter correspond to the total axial momentum at the plasma production region and the momentum increase due to the Lorentz force between the radial magnetic field and azimuthal electron diamagnetic drift current, respectively, as described in Sec. 2.
However, the discrepancy of about 20 percent is observed for both T total and T B between the measured and calculated thrust. These could result from the simplification of the two-dimensional profile of the electron pressure, neglecting the radial component of the ion inertial term and T w component, and not considering a plasma detachment from the magnetic nozzle. Further, the fully magnetized plasma is assumed when deriving Eq. (11) , which could lead no net current from ExB drift. Verification of these issues will be required to fully understand the thrust imparted by the helicon plasma thruster.
Permanent Magnet Helicon Plasma Thruster
Source design
The design of the permanent magnet helicon plasma thruster for more efficient plasma thruster is shown here and is tested with the thrust balance installed in a HPT-I machine at Tohoku University, which has a 60-cm-diameter and 140-cm-long vacuum chamber with turbomolecular/rotary pumping system of ~400 L/sec effective pumping speed. The ground works of the permanent magnets helicon source have been done by authors 14) and the initial thruster test has shown the thrust of ~2.5 mN for a 6.5 cm inner diameter source tube 6) .
To provide the magnetic field profile similar to the experimental setup in Fig. 1(a) , i.e., the convergent-divergent magnetic throat near the source exit provided by the solenoid, the configuration of the permanent magnets (PMs) is modified from the previous works 14) . The neodymium iron boron (NdFeB) magnet is chosen as the PMs in the present experiments. The detailed configuration is shown in Fig. 3(a) and the calculated magnetic field is plotted in Fig. 3(b) as a solid line, where all of the magnets have radially inward magnetization. By adjusting the number of layers of the PM arrays and their axial positions, the convergent-divergent magnetic throat can be formed as seen in Fig. 3(b) , while the constant magnetic field (typical magnetic field is plotted in Fig. 3(b) as dotted line) was formed within the source cavity in the previous experiments 6, 14) . For both the cases, it is found that no cusp magnetic field exists within the source cavity, although the simple PM configuration as seen in Ref. [15] can easily create the cusp, which prevents the plasma diffusion and transport into the downstream side. The argon gas is fed by a small ceramic tube as well as Fig. 1(a) . The flow rate is chosen as 25 sccm giving 0.8 mTorr pressure within the vacuum chamber. The rf antenna is located at z ~ -6 cm and powered from the rf generator (maximum 2 kW) via an impedance matching circuit. The rf antenna is shielded by a ceramic ring and the grounded stainless steel mesh as described previously 16) , which can suppress a capacitively coupled parasitic discharge near the rf antenna outside of the source tube and a micro-arcing discharge on the chamber wall. The thrust balance similar to Fig. 1(a) is also installed within the HPT-I chamber and the same procedures as Sec. 3 for the thrust calibration and thrust measurement are performed.
Thrust measurement
The directly measured total thrust imparted from the permanent magnet helicon plasma thruster shown in Fig. 3(a) is plotted by open squares in Fig. 4 , as a function of the effective rf power absorbed into the plasma. It is found that the thrust increases with an increase in the rf power and reaches maximum of about 8 mN for ~1.6 kW effective rf power. For comparison, the previously reported thrust data are also plotted by crosses in Fig. 4 , where the data is from Ref. [6] . In the previous paper, the magnetic field profile is different from the present one and has a constant field profile within the plasma source cavity. It is clearly found that the absolute value of the thrust is improved and the present Fig. 3(a) , together with the previously measured thrust with different magnetic field configuration (crosses). The data shown by crosses is from Ref. [6] .
configuration can yield a ~50% increase in the thrust when comparing at the effective rf power of ~750 W. As the improved rf antenna system can yield a stable operation of the source for wide range of the parameters, the present and/or more improved source will be tested for various operating parameters such as gas flow rate, rf power, magnetic field configuration. The present data shows the specific impulse of about 1000 sec and the thrust efficiency of a few percent, which has to be improved in near future.
Conclusion
The thrust imparted by a helicon plasma thruster is experimentally and analytically investigated. The analytical model shows the total thrust mainly consists of the electron pressure within the source cavity and the Lorentz force due to the electron diamagnetic azimuthal current and the radial magnetic field. The detailed physical description is discussed. The direct measurement of these thrust components are performed and shows the thrust increase by the magnetic nozzle, which can be fairly explained by the analytical model, although some subjects such as discussed in Sec. 3.2 still remains further problems. In addition, the presently designed permanent magnet helicon plasma thruster shows ~ 50 percent increases in the thrust compared with the previously published data.
